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TECHNICAL NOTE D-265 

EXPERIMENTAL RESULTS OF A HEAT-TRANSFER STUDY 

FROM A FULL-SCALE PEBBU-BED HEATER 

By Richard B. Lancashire, Erwin A .  Lezberg 
and James F. Morris 

SUMMARY 

A regenerat ive pebble-bed heat  exchanger has been b u i l t  i n  o rde r  t o  
produce l a r g e  q u a n t i t i e s  of high-temperature a i r  f o r  use i n  t h e  experi-  
mental eva lua t ion  of hypersonic f l i g h t  problems. During t h e  i n i t i a l  op- 
e r a t i o n  of t h i s  f a c i l i t y ,  a program w a s  c a r r i e d  out t o  ob ta in  data con- 
cerning heat t r a n s f e r  i n  a l a r g e  packed bed of spheres.  

A detailed desc r ip t ion  is given of t h e  f a c i l i t y  design, operat ion,  
and instrumentat ion.  The hea t - t r ans fe r  ana lys i s ,  similar t o  :hat used 
by o t h e r  i n v e s t i g a t o r s ,  i s  a l s o  presented. Samples of data obtained Ere 
shown wi th  r e s p e c t  t o  t h e i r  use i n  t h e  ana lys i s .  Resul ts  of t h i s  work 
as compared with o the r  i nves t iga to r s  a r e  presented i n  t h e  conventional 
Stanton, 'Prandtl ,  and Reynolds numbers r e l a t i o n .  

INTRODUCTION 

The experimental  evaluat ion of hypersonic f l i g h t  problems r e q u i r e s  
t h e  production of l a r g e  q u a n t i t i e s  of high-temperature a i r .  A t  tempera- 
t u r e s  above 2500' R, conventional hea t  exchangers have exceeded t h e i r  
material l i m i t s  so t h a t  o the r  heat ing methods must 'be used. 

One such method is t h e  use of t h e  regenerat ive pebble-bed heat  ex- 
changer, u t i l i z i n g  high-temperature r e f r a c t o r i e s  ( refs .  1, 2,  and 3 ) .  
The design of such a hea t  exchanger r equ i r e s  t h e  use of r e l i a b l e  heat-  
t r a n s f e r  c o e f f i c i e n t s  f o r  a packed bed. A considerable  amount of exper- 
imental  d a t a  is a v a i l a b l e  on t h e  subject ,  b u t  it spreads over two o rde r s  
of magnitude a t  any one Reynolds number value.  

The experimental  work descr ibed i n  t h i s  r e p o r t  was performed on a 
f u l l - s c a l e  pebble bed, 10.4 f e e t  i n  length and 4 f ee t  i n  diameter.  The 
f a c i l i t y  i s  used a t  t h e  Lewis  Research Center f o r  t e s t i n g  a i r - b r e a t h i n g  
engine components. The purpose of t h i s  work w a s  t o  ob ta in  h e a t - t r a n s f e r  
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data during t h e  i n i t i a l  operat ion of t h e  f a c i l i t y  as a guide t o  t h e  de- 
s i g n  of s i m i l a r  equipment. The exchanger w a s  designed wi th  a conserva- 
t i v e  estimate of t he  hea t - t r ans fe r  c o e f f i c i e n t  ( re f .  4 ) .  Temperatures 
throughout t h e  packing were measured continuously s o  t h a t  p o i n t  values  
of the c o e f f i c i e n t  might be obtained.  
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SYMBOLS 

heat capac i ty  of bed material, Btu/( O F )  ( cu f t packing) 

spec if i c  h e a t  of a i r ,  Btu/( l b )  (OF) 

average diameter of a bed p a r t i c l e ,  f t  

mass v e l o c i t y ,  l b  a i r / ( h r )  (sq f t  bed c ross  s e c t i o n )  

h e a t - t r a n s f e r  c o e f f i c i e n t ,  Btu/( hr) (OF) (sq f t  pebble su r face  area) 

Prandt l  number 

Reynolds number, Gd/p 

Stanton number, h/Gcp 

r a t i o  of su r face  a r e a  of bed m a t e r i a l  t o  t o t a l  volume of bed, l / f t  

blowdown a i r  temperature a t  x = 0, OR 

bed temperature,  OR 

bed temperature a t  

dis tance from bottom of bed, f t  

dimensionless bed temperature, ( t  - Ti)/(to - T i )  

dimensionless t ime, shcc/C 

v i s c o s i t y  of a i r ,  l b / ( f t )  (hr) 

dimens ion le s s  d i s t ance ,  S ~ X / G C ~  

time from beginning of blowdown, hr 

T = 0 ,  O R  
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A schematic drawing of t h e  f a c i l i t y  is shown i n  f i g u r e  1. The bed 
is packed w i t h  3/E-inch-diameter alumina balls and has 2- foot - th ick  w a l l s  
made of high-temperature r e f r a c t o r y  and i n s u l a t i n g  b r i c k  t o  minimize the  
heat  l o s s e s .  The hea te r  is designed t o  opera te  a t  a maximum temperature 
of 3500' R and a nominal pressure  of 50 pounds p e r  square inch abso lu te ,  
w i t h  a maximum a i r f low of 10 pounds per second. 

The bed is heated by burning gasol ine and pass ing  t h e  combustion 
products down through t h e  bed t o  an atmospheric exhaust .  Heating is ac- 
complished i n  two s t ages :  The f i rs t  uses a small banking burner  l oca t ed  
a t  the  top  f lange  ( f i g .  2 ) .  The banking burner  is operated cont inuously 
except dur ing  blowdown. 
the  upper por t ion ,  long hea t ing  periods with t h e  main burner  a r e  e l i m i -  
nated,  and s p a l l i n g  of t he  r e f r a c t o r y  is kept  t o  a minimum. The second- 
s t age  burner  is a l s o  shown i n  f i g u r e  2 .  Fuel  and combustion air  a r e  in-  
t roduced i n t o  the  annulus between t h e  b r i ck  work and a water-cooled 
shroud. I g n i t i o n  is  provided by t h e  banking burner  and t h e  ho t  r e f r a c -  
t o r y .  
temperatures  up t o  3500' R. Trans i t ion  t o  t h e  blowdown p a r t  of t h e  cy- 
c l e  is accomplished by a c t u a t i n g  a three-way propor t ion ing  valve,  which 
d i v e r t s  air  from t h e  main burner  t o  the bottom of t h e  bed. 
a f t e r  pass ing  through the  hea ted  bed and the  t es t  s e c t i o n ,  is quenched 
by water sprays and ducted t o  t h e  labora tory  exhaust system. 

When the  bed is hot, approximately 2200° R i n  

The main burner  is used t o  hea t  the upper po r t ion  of t h e  bed t o  

The a i r ,  

Thermocouples were f a b r i c a t e d  from 20-gage Chromel-Alumel wires ,  
and t h e  junc t ions  were c a s t  i n  t h e  center  of 1/2-inch-diameter by 1/2- 
inch-long alumina cy l inders .  
Inconel  p r o t e c t i o n  tubes wi th  magnesia in su la t ion .  Thermocouple loca-  
t i o n s  i n  t h e  bed a r e  shown i n  f i g u r e  l. The thermocouples were wired i n  
p lace  be fo re  t h e  bed was f i l l e d ,  and the l e a d  wires  were brought ou t  
through t h e  bottom of the  tank.  The time l a g  due t o  measuring t h e  tem- 
pe ra tu re  a t  the  center  of a cy l inder  r a t h e r  than a t  t h e  su r face  of a 
b a l l  was es t imated  and ind ica t ed  t h a t  the maximum e r r o r  i n  measurement 
would be approximately 20' F. 

The l e a d  wires  were swaged i n t o  1/16-inch 

I During the  process of cyc l ing  t h e  bed, a number of t h e  thermocouples 
f a i l e d  o r  exh ib i t ed  i n t e r m i t t e n t  f a i l u r e  (open o r  p a r t i a l l y  open c i r c u i t )  
This type of f a i l u r e  appeared t o  be r e l a t e d  t o  t h e  a t t a c k  of t h e  Alumel 
wire by impur i t i e s  i n  t h e  magnesium oxide swaging material as ind ica t ed  
i n  re ference  5. 

Bed thermocouples were read  a t  t h e  r a t e  of 20 p e r  second us ing  an 
automatic vol tage d i g i t i z e r ,  recorded, and processed by t h e  l abora to ry  
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automatic d a t a  r educ t ion  system ( r e f .  6 ) .  
l e l e d  t o  a 40-chanel o sc i l l o scope ,  which w a s  used as a v i s u a l  check of 
t he  bed temperature p r o f i l e s .  

The thermocouples were p a r a l -  

The h o t  a i r  temperature w a s  measured during blowdown wi th  a 
platinum - platinum-rhodium a s p i r a t e d  thermocouple probe. The probe, 
as described i n  reference 7 ,  has a support  tube which i s  water-cooled 
w i t h  the exception of t h e  platinum t i p .  The temperature w a s  recorded 
on a s t r ip  c h a r t  recorder .  

Pressure drop ac ross  t h e  bed w a s  measured with s t a t i c  t a p s  a t  t h e  
a i r  i n l e t s  t o  t h e  t o p  and bottom of t h e  bed. 
standard ASME o r i f  i c e .  

A i r  w a s  metered through a 

HEAT- TRANSFER ANALYSIS 

Dimensionless bed temperature : 
6 = ( t  - T i ) / ( t o  T i )  ( 3 )  

Table I of reference 8 l i s t s  t h e  dimensionless bed temperature 6 
f o r  various values of 7 and E .  This table was prepared using t h e  so- 
l u t i o n s  of t h e  d i f f e r e n t i a l  equat icns  of heat  t r a n s f e r  f o r  a r egene ra to r .  
With these publ ished data 6 was p l o t t e d  as a func t ion  O f  7 f o r  

The h e a t - t r a n s f e r  a n a l y s i s  used i n  t h i s  a r t i c l e  i s  a v a r i a t i o n  of 
5 

t h a t  used by Johnson ( r e f .  8 ) .  
ana lys i s  of nonsteady h e a t  t r a n s f e r  i n  porous media by Schumann ( r e f .  9 ) .  
The assumptions made i n  t h i s  a n a l y s i s  are as fol lows:  

(1) The thermal d i f f u s i v i t y  of t he  balls i s  considered very l a r g e .  
Thus, the only r e s i s t a n c e  t o  h e a t  t r a n s f e r  between a ba l l  and t h e  f l u i d  
is  judged t o  be i n  t h e  f i l m .  

This a n a l y s i s  i s  based on t h e  o r i g i n a l  

.' 

( 2 )  Conduction i n  t h e  radial d i r e c t i o n  of t h e  bed is  considered t o  
be i n f i n i t e  and t h a t  i n  t h e  d i r e c t i o n  of flow t o  be n e g l i g i b l e .  

(3) Conduction within t h e  f l u i d  i s  n e g l i g i b l e .  

( 4 )  The f l u i d  i s  considered t o  have a uniform v e l o c i t y  ac ross  t h e  
bed. 

I n  accordance with Johnson, t h e  following group of dimensionless 
parameters i s  used he re in :  

Dimensionless l eng th :  6 = shx/GcP (1) 

Dimensionless time: Tl = s h / C  (2) 
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constant  values and aga ins t  6 f o r  constant  7 values .  The s lopes 
of these  curves yielded (a6/aq) and These a r e  given i n  
terms of t h e i r  equivalent  forms! which a re  e a s i l y  r e l a t e d  t o  measurable 
q u a n t i t i e s  : 

# 

b 

c Since the  temperature t o  is not constant,  another form of the  tempera- 
t u r e ,  considering its va r i a t ion ,  must be used. Therefore, by 
s u b s t i t u t i n g  

# 

t - T i  
6 

t T i  t o  = 

equations ( 4 )  and (5) become 

1 as 
s zq+T 6% X 

and 

With the  t h e o r e t i c a l  d a t a  of reference 8 and the  s lopes obtained 
from t h a t  da ta ,  the  l e f t  s i d e s  of equations ( 6 )  and ( 7 )  have been p l o t t e d  
a g a i n s t  t h e i r  respec t ive  independent var iables  f o r  var ious values of the 
constant  parameters.  These p l o t s  were made using logari thmic s c a l e s  and 
a r e  shown i n  f i g u r e  3. 

I By mul t ip ly ing  both  s i d e s  of equations (6 )  and ( 7 )  by the  heat-  
t r a n s f e r  c o e f f i c i e n t  h, t h e s e  two equations become 
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The r i g h t  s i d e  of each equation w a s  e a s i l y  obtained from experimen- 
t a l  data. The heat capaci ty  of t h e  bed m a t e r i a l  C w a s  given by i t s  e 

manufacturer as  31.8 Btu per OF per  cubic foo t  of t he  packing. The sur-  
f ace  a rea  of bed ma te r i a l  per  cubic f o o t  of tank w a s  determined t o  be 
104 square f e e t  pe r  cubic f o o t .  When the  empir ical  data a r e  used, nu- 
merical values of equations (8) and (9)  were obtained f o r  various values 
of z and x. The r e s u l t i n g  values of equation (8) were p l o t t e d  as 
functions of t h e i r  r e spec t ive  values of 
The r e s u l t i n g  values of equation (9) were p l o t t e d  as funct ions of t h e i r  
respect ive value of E/h a l s o  on a logarithmic s c a l e .  The construct ion 
of these p l o t s  d i d  not  requi re  the  use of the unknown h e a t - t r a n s f e r  co- 
e f f i c i e n t .  These p l o t s  were then superimposed on e i t h e r  of t he  theore t -  
i c a l  p lo t s  of f i g u r e  3. By s l i d i n g  the  45' l i n e  on a given experimental 
p l o t  along the  45' l i n e  on the  c o r r e c t  t h e o r e t i c a l  p l o t ,  a match was made 
between the  experimental curve and one of the  fami ly  of t h e o r e t i c a l  
curves. When t h i s  match was made, t he  coordinates of the experimental 

f ac to r  of h .  Therefore, t he  h e a t - t r a n s f e r  c o e f f i c i e n t  w a s  obtained d i -  
r e c t l y .  
h 

q/h on a logari thmic s c a l e .  

* 

p l o t  were displaced from the  coordinates of t he  t h e o r e t i c a l  p l o t  by  a .' 

This  matching process w a s  performed under the  assumption that 
remained constant  over a given time and length .  

DATA PRESENTATION 

During t h i s  p a r t i c u l a r  program, t h e  pebble-bed hea te r  was operated 
i n  a range of a i r f lows  between 2.5 pounds pe r  second and 4.9 pounds per  
second. The blowdown periods ranged between 16  and 46 minutes, while 
the  heating periods (using main burner)  ran between 15 and 37 minutes. 
The maximum o u t l e t  air temperature a t t a i n e d  was approximately 2600' R. 
A typ ica l  a i r  temperature h i s t o r y  encountered during the  program is shown 
i n  f igure  4. 
due t o  r a d i a t i v e  cooling of t he  top  of the  bed and t o  incomplete combus- 
t i o n  within the  f r e e  volume between the  burner and the  bed during the  
heating cyc le .  An attempt was made t o  operate  the  bed wel l  below the  
maximum design temperature i n  order  t o  keep t h e  thermocouple instrumenta- 
t i o n  i n t a c t .  

The i n i t i a l  temperature r i s e  was t y p i c a l  and was probably 

A p l o t  of bed temperature a g a i n s t  d i s tance  from t h e  bottom of t h e  
The temperatures p l o t t e d  a r e  those along the  
The shape of t h i s  p r o f i l e  is similar t o  a l l  

I 

bed is shown i n  f i g u r e  5 .  
v e r t i c a l  a x i s  of t he  bed. 

of the  bed remained e s s e n t i a l l y  a t  the  temperature achieved through the  
use of the  banking burner a lone.  

those obtained during the program. The temperature of t h e  lower po r t ion  4 



The p l o t  of t h e  bed temperature against  radial d i s t ance  from the 
cen te r  of t h e  bed ( f i g .  6) i nd ica t e s  t h a t  t h e  radial temperature gradi-  
e n t  near  t h e  c e n t e r l i n e  a t  a given l e v e l  is reasonably f l a t .  Invest iga-  
t i o n  of t h e  r a d i a l  p r o f i l e s  a t  o the r  l eve l s  i n  t h e  bed ind ica t e s  t h e  
same r e s u l t ,  thus  ve r i fy ing  t h e  second assumption made i n  t h e  t h e o r e t i -  
c a l  a n a l y s i s .  The sharp increase i n  temperature a t  t h e  w a l l  as time 
progresses  i s  t o  be expected with t h e  large heat-s torage capac i ty  of t h e  
i n s u l a t i n g  b r i c k .  

h 

The temperature a t  a given l e v e l  in t h e  bed is p l o t t e d  i n  f i g u r e  7 
as a func t ion  of blowdown t i m e .  Time was measured from t h e  i n s t a n t  t h e  
three-way proport ioning valve w a s  switched. The shape of t h i s  curve is  
r e p r e s e n t a t i v e  of those obtained from the thermocouples i n  t h e  lower 
po r t ion  of t h e  bed. 

Raw data were reduced i n t o  usable q u a n t i t i e s  b y  s u b s t i t u t i o n  i n t o  
t h e  r i g h t  s i d e s  of equations (8) and ( 9 ) .  
were obtained from p l o t s  such as those shown i n  f i g u r e s  5 and 7 .  Slopes 
were taken from t h e  t i m e  p l o t s  a t  i n t e rva l s  of 2 minutes a t  var ious lev-  
e l s  i n  t h e  lower p a r t  of t he  bed. Fromthe d i s t ance  p l o t s ,  s lopes were 
taken a t  i n t e r v a l s  of 0.5 of 1 f o o t  at various t i m e s  dur ing blowdown. 
Only those thermocouples i n  the  lower po r t ion  were used because of the 
i n t e r m i t t e n t  funct ioning of t h e  thermocouples near  t h e  t o p  of t he  bed. 
The c e n t e r  po r t ion ,  where (&/ax)?, 
n a t i o n  of t h e  h e a t - t r a n s f e r  c o e f f i c i e n t .  

The t i m e  and d i s t ance  s lopes 
, 

4 

0, w a s  no t  usable  f o r  t h e  determi- 

The value of h r e s u l t i n g  from matching t h e  experimental  and theo- 
r e t i c a l  curves f o r  a t y p i c a l  set of data has been s u b s t i t u t e d  i n t o  equa- 
t i o n s  (8) and (9),  and t h e  r e s u l t i n g  points  superimposed on t h e  theo re t -  
i c a l  p l o t s .  These are shown i n  f i g u r e  8 and i n d i c a t e  t h e  match between 
t h e  experimental  and t h e o r e t i c a l  curves. 

IiESULTS AND DISCUSSION 

Pressure Drop Data 

The p res su re  drop ac ross  t h e  pebble bed was measured and r e l a t e d  t o  
t h e  var ious flow parameters. Since these data were no t  c o l l e c t e d  under 
isothermal flow condi t ions,  it was not possible  t o  compare them d i r e c t l y  
with those from a v a i l a b l e  references.  However, by c o r r e c t i n g  t h e  ob- 
served d a t a  f o r  t h e  changes i n  d e n s i t y  due t o  t h e  nonisothermal f low,  
t h e  d a t a  compare very f avorab ly  with those of  r e fe rence  10. It w a s  not  
necessary t o  c o r r e c t  t he  d a t a  f o r  differences i n  pressure s i n c e  t h e  bed 
was operated a t  a pressure of 1 atmosphere. 

I 

, 
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Heat-Transfer Coef f i c i en t  

Considerable s c a t t e r  of h e a t - t r a n s f e r - c o e f f i c i e n t  values r e s u l t e d  4 
from the i n i t i a l  app l i ca t ion  of t h e  a n a l y s i s .  It w a s  found tha t  s m a l l  
temperature d i f f e rences  between t h a t  of t h e  i n l e t  gas and t h a t  of t h e  
bed a t  a given time and p o i n t  c r ea t ed  u n r e l i a b l e  values of t h e  c o e f f i -  
c i e n t .  T h i s  condi t ion e x i s t e d  toward t h e  end of the blowdown pe r iods .  
By s e t t i n g  a minimum temperature d i f f e rence  of 100' F, some of t h e  doubt- 
f u l  data were el iminated and t h e  amount of s c a t t e r  w a s  lessened.  

d 

t 

The t i m e  i n t e r v a l  over which t h e  value of t h e  c o e f f i c i e n t  w a s  de t e r -  I 
mined a l s o  had an e f f e c t  on t h e  amount of s c a t t e r .  It is  evident  from 
f i g u r e  8 (b )  t h a t  a s m a l l  time i n t e r v a l  would reduce the l eng th  of t he  ex- 
perimental  curve, thus making t h e  match between it and one of t h e  theo- 
r e t i c a l  curves more a r b i t r a r y .  Any values obtained during an i n t e r v a l  
of l e s s  than 4 minutes were discarded.  

I 

Another cause of s c a t t e r  w a s  t he  s m a l l  d i s t ance  over which some of h 

t h e  values of t h e  c o e f f i c i e n t  were obtained. 
and 8(a) show t h a t  t h e  use of data obtained over a s m a l l  d i s t a n c e  i n  t h e  
bed would again r e s u l t  i n  an a r b i t r a r y  value of the  c o e f f i c i e n t .  It w a s  
found t h a t  a confident match of data could be made over a d i s t a n c e  
g r e a t e r  than 1 f o o t .  

The p l o t s  of f i g u r e s  3(a)  

V 

A f u r t h e r  c r i t e r i o n  w a s  used t o  t es t  t h e  v a l i d i t y  of t he  data. 
each match of a p a i r  of experimental and t h e o r e t i c a l  curves made, two 
values of t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  r e s u l t e d .  One w a s  from t h e  co- 
o rd ina te s  of t h e  p l o t s ,  and t h e  o the r  from t h e  parameter 7 or r .  The- 
o r e t i c a l l y ,  t h e  two values should have been i d e n t i c a l .  However, i n  some 
cases ,  where t h e  a r b i t r a r y  condi t ion w a s  not  e l iminated by t h e  app l i ca -  
t i o n  of t h e  c r i t e r i a  discussed previously,  dev ia t ions  occurred between 
t h e  two values.  A p l o t  was made of t he  coordinate values of h a g a i n s t  
t h e  parametric values of h .  Any values of h which f e l l  ou t s ide  a 
range described by  t h e  average r e l a t i v e  dev ia t ion  from a 45' l i n e  on 
t h i s  p l o t  (k28.3 percent)  were omitted.  

For 

Table I l ists  a l l  t h e  r e l i a b l e  values of t h e  c o e f f i c i e n t  with t h e i r  
r e spec t ive  mass v e l o c i t i e s ,  Reynolds numbers, and Stanton numbers 
s p e c i f i c  h e a t  of air which is used i n  t h e  Stanton number i s  based on t h e  
computed mean f i l m  temperature of t h e  a i r  f o r  t he  t i m e  and d i s t a n c e  a t  
which the p a r t i c u l a r  value of t h e  c o e f f i c i e n t  was obtained. The same 
temperature was used i n  determining t h e  v i s c o s i t y  of t h e  a i r  which ap- 
pears  i n  t h e  Reynolds number. 
erage diameter of a pebble, 0.415 inch. The range of Reynolds numbers 
is from 2 8 1  t o  771,  while f o r  t h e  Stanton numbers it is  from 0.022 t o  
0.073. The value of t h e  c o e f f i c i e n t  h ranged between 6.0 and 1 5 . 2 .  

The 

The c h a r a c t e r i s t i c  l eng th  used i s  t h e  av- 

These data a r e  p l o t t e d  i n  f i g u r e  9 i n  t h e  conventional form of t h e  
StPr2/3 a g a i n s t  R e .  The F rand t l  number f o r  t he  range of temperatures 
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i n v e s t i g a t e d  is 0.65. 
t o  the data using the  method of  least squares. 

A s t r a i g h t  l i n e  on logari thmic s c a l e  w a s  f i t t e d  
The r e s u l t a n t  equat ion is 

StPr2I3 = 0.400 

From a s t a t i s t i c a l  viewpoint, t he  data have a s tandard dev ia t ion  of 25.2 
percent  w i th  a near  normal d i s t r i b u t i o n .  I 

Figure 9 shows t h e  order  of magnitude i n  which these  data f a l l  i n  
r e l a t i o n  t o  those of o the r  i nves t iga to r s .  The upper curve i s  a composite 
of t h e  r e s u l t s  of r e fe rences  11 t o  13 on packed beds of spheres and rep- 
r e s e n t s  t h e  order  of magnitude general ly  found i n  t h e  l i t e r a t u r e .  The 
intermediate curves r ep resen t  t h e  data of Dabora, e t  a l .  ( r e f .  1) f o r  
alumina balls and of Johnson ( r e f .  8) f o r  wire screens.  They agree r ea -  
sonably w e l l  w i t h  the  p re sen t  work. The lowest curve r ep resen t s  the de- 
s i g n  curve f o r  t h e  f a c i l i t y  (ref.  4). 

J’ 

CONCLUSION 

Heat- t ransfer  c o e f f i c i e n t s  have been obtained by  t r a n s i e n t  measure- 
ments i n  a l a r g e  pebble-bed hea te r  under t h e  condi t ions s p e c i f i e d  b y  the  
t h e o r e t i c a l  ana lys i s .  
i lar  f a c i l i t i e s .  
beds, such as t h a t  used i n  reference 1, tend t o  support  t h i s  conclusion. 

4 

The r e s u l t s  a r e  recommended f o r  t he  design of s i m -  
The hea t - t r ans fe r  data obtained i n  reasonably s i z e d  

Lewis Research Center 
Nat ional  Aeronautics and Space Administration 

Cleveland, Ohio, November 13, 1959 
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TABU I* - TABULATION OF HEAT-TRANSFER DATA 

Mass 
velocity, 

G, 
lb 

(hr)(sq ft) 

722 
722 
854 
854 
998 

998 
1058 
1105 
1105 
1105 

1175 
1175 
1280 
1280 
1280 

1280 
1285 
1285 
1352 
1382 

Heat-transfer 
coefficient, 

Btu 
(hr)(OF)(sq ft) 

h, 

Reynolds 
number 

14 -5 
7 - 6  
6 .O 
7.9 
11.6 

8 e 6  
11.1 
10.2 
8.7 
11.0 

7 -6 
9.2 
7 e0 
15 e2 
12.3 

9.5 
12.4 
12 - 6  
10.8 
8 .4 

281 
371 
372 
375 
39 8 

5 15 
447 
547 
542 
592 

612 
475 
537 
7 18 
65 7 

771 
447 
654 
633 
589 

number 

0 -073 
.041 

.036 

.042 

,034 
.040 

,026 

036 
030 
-039 

,025 
,028 

.047 
,037 

.030 

-033 

,036 
038 
e030 
.022 
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Figure 2. - Banking and main burners.  
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( a )  Bed t e m p e r a t u r e  s l o p e  p l o t t e d  a g a i n s t  d i s t a n c e  a t  v a r i o u s  t i m e s .  

F igure  3 .  - T h e o r e t i c a l  p l o t s  of nondimens iona l  bed t e m p e r a t u r e  da ta  a g a i n s t  v a r i o u s  
parameters .  
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(b )  Bed temperature slope plotted against tlme at various distances. 

Figure 3. - Concluded. Theoretical plots of nondlmenslonal bed temperature data against 
various parameters. 
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(a) Nondimensional bed temperature slope plotted 
against nondimensional distance. 

Figure 8 .  - Comparison of experimental and theo- 
retical data. 
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(b) Nondimensional bed temperature slope plotted against 
nondimens ional time. 

Figure 8. - Concluded. Comparison of experimental and theo- 
retical data. 
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----- REFS. II, 12, 13 
EQ. IO 
REF. I 
REF. 8 (20-, 30-, AND 40- 

--- 
-------- 

MESH WIRE SCREENS ; 
Re BASED ON 
WIRE DIAM.1 

REF. 4 -- 

Figure 9. - Correlat ion of hea t - t ransfer  data .  
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